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Key Ideas for this Talk

The “electroweak temperature” - a scale
provided by nature that gives us a clear
BSM target for colliders

Simple arguments - BSM physics that
changes the thermal history of EWSB
cannot be too heavy or too feebly coupled to
the SM *

Robust test of theory requires a new era of
EFT & non-perturbative computations >
new results highlight this theoretical frontier

* See ahead 2
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Key Ideas for this Talk

General arguments characterize vast
array of concrete model realizations

Exceptions can occur > these cases
both prove the rule and are particularly
interesting (e.g. , 2101.05319)

Ultimate validation > analysis using
state-of-the-art T > 0 QFT methods
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I. Context & Questions



Electroweak Phase Transition

* Higgs discovery — What was the thermal
history of EWSB ?

» Baryogenesis — Was the matter-antimatter

asymmetry generated in conjunction with
EWSB (EW baryogenesis) ?

* Gravitational waves — If a signal observed in
LISA, could a cosmological phase transition
be responsible ?
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Thermal History of Symmetry Breaking

f Future LHC Experiments

lfaf’y ez The Phases of QCD

l Current RHIC Experiments

Temperature

Quark-Gluon Plasma

};:?qure FAIR Experiments
o

B>
- . 1
Critical Point

o

Hadron Gas Superconductor

Baryon Chemical Potential

QCD Phase Diagram - EW Theory Analog?



EWSB Transition: St’d Model

' 1st order \ ' 2nd order

Increasing my, >
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EWSB Transition: St’d Model

FOEWPT

/

' st order \ ' 2nd order

()
.
>
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125 GeV

Increasing my, > Higgs Mass
. C }
Lattice Authors M, (GeV) \ EW Phase Dia gram
4D Isotropic [76] 807
4D Anisotropic ~ [74] 724417 .
D Isotmpicp (721 723+0.7 How does this picture change
3D Isotropic [70] 72.4409 in presence of new TeV scale

physics ? What is the phase
diagram ? SFOEWPT ?

SM EW: Cross over transition »



Patterns of Symmetry Breaking

C
O(n-1)® 0(n)

My

¢, Mass

A
O(n)®0(n)

O(n)®0(n-1)

S. Weinberg, PRD 9 (1974) 3357
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Patterns of Symmetry Breaking

Vere (H, @)

How did we
end up here ?

Extrema can evolve differently as T evolves 2>
rich possibilities for symmetry breaking 13
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Patterns of Symmetry Breaking

How did we
end up here ?

Extrema can evolve differently as T evolves 2>
rich possibilities for symmetry breaking 15



What is the landscape
of potentials and their
thermal histories?

How can we probe this
T > 0 landscape
experimentally ?

Thermal History of EWSB

How reliably can we

compute the

n evolve differently as T evolves >

thermodynamics ? ilities for symmetry breaking
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Electroweak Phase Transition

* Higgs discovery — What was the thermal
history of EWSB ?

» Baryogenesis — Was the matter-antimatter

asymmetry generated in conjunction with
EWSB (EW baryogenesis) ?

* Gravitational waves — If a signal observed in
LISA, could a cosmological phase transition
be responsible ?



EW Phase Transition: Baryogen & GW

\ [/ 1storder } F 2nd order

Increasing m, >

New scalars

Baryogenesis
Gravity Waves
Scalar DM
LHC Searches

“Strong ”

1st order EWPT

l

- GW

l

Baryogen®™  Bubble

nucleation

*Need BSM CPV
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Il. EWPT: A Collider Target

MJRM 1912.07189

e Mass scale
* Precision




Experimental Probes

Bubble Collisions

Higgs precision tests

Grav Radiation
Direct Production
SM Higgs BSM Higgs
NSO \ ;‘o® / « How heavy can @ be ?
'H'  How coupled to H ?
BSM Higgs

Extrema can evolv, Can it be discovered at >

rich possibilities fc o | HC or beyond ?



T-, Sets a Scale for Colliders

High-T SM Effective Potential

V(h,T)sm = D(T? —TZ)h? + Ah* + ..

3 1
T3 = (8\ + loops) (4)\ + 592 + §g’ > 27

—1
_|_> 2

To~ 140GeV | |= Ty
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First Order EWPT from BSM Physics

Vere T>T.

< : Generate finite-T barrier

NOT SURE IF HIGGS

Introduce new scalar ¢
interaction with h via
the Higgs Portal

22



First Order EWPT from BSM Physics

Vere T>T.

< =L Generate finite-T barrier
/ T<T
h
t el."
¢ ¢ Z
1 1 1
T¢ TEW

TEW TEW
s 5 —> h d —> h
a,H?¢?2 : T>0 a,H?’¢?> : T=0 a,H¢: T=0

loop effect tree-level effect tree-level effect 54



First Order EWPT from BSM Physics

loop effect tree-level effect

tree-level effect  ,,

- e Simple arguments: Tgy, +
first order EWPT 2>
> — M, <700 GeV
Ly
e A
] 1 1
i Ty /\-EW i
i Tew : Tew
i b———n = — 55
| a,H2R : T>0 ayH?¢? : T=0 i a,H : T=0
L :



First Order EWPT from BSM Physics

o 1>, Simple arguments: Tgy, +
first order EWPT -2
< M, < 700 GeV
/ T<T
R N lllustrate logic

4 | g ¢
1 1
1 . ¢
1 1
1 1
i i/ T
i Tew i \EW Tew
i s 5 i —> A e —> h
1 |
1 1
| a,H2P : T>0 | a,Hf : T=0 a,H2% : T=0
i_ loop effect i tree-level effect tree-level effect o5




First Order EWPT from BSM Physics

1 » Tree-level barrier: a, ¢*¢ H*H
/ e WantT,>T,~Tgy

> h Negative for T; > T, ~ Tey

1 T2 3 b
V(e,T) = 5 [—\52’ + o (a2 -+ 254>] 0 + f%ﬁ4
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First Order EWPT from BSM Physics

1 » Tree-level barrier: a, ¢*¢ H*H
/ e WantT,>T,~Tgy

> h

M, <350 GeV for
perturbative a, , b,

27



First Order EWPT from BSM Physics

o U, Simple arguments: Tgy, +
first order EWPT 2>
< — M, <700 GeV
/ T<T
h
tunnel

A Vo T
L9 Analogous ! ¢ | ¢
| - 1
E T‘ logic i A i f‘
I I 1
i i Ty Tew i T
I Tew : ] S
| ———n | > h i — 5
I I 1
I I :
| a M2 T>0 | aH#: T=0 | aHp: T=0
i_ loop effect i_ tree-level effect I tree-level effect o4



First Order EWPT from BSM Physics

Veff

S |

T>T.

Simple arguments: Tgy, +
first order EWPT 2>

M, <700 GeV

C
unnel N \
...........................................

¢ ¢ i ¢ Collider Target:
4 A i 4 ¢ pair production
I
1
Ty Tew I
TEW : TEW
L———-)-—) h —> h i Lr”’?'> h
1
1
|
a,H?¢?2 : T>0 a,H?’¢?> : T=0 i a,H¢: T=0
loop effect tree-level effect I tree-level effect g



T-y : A Mass Scale for Colliders

Foregoing arguments: good up to factor of
~2 2 M;< 700 GeV (-ish)

QCD production: LHC exclusion 2 ¢is
colorless

Electroweak or Higgs portal (h-¢ mixing...)
production = oprop ~ (1- 500) fb (LHC) and
(0.1-25) pb (100 TeV pp)

Precision Higgs studies: see ahead .



T-y : Direct ¢*¢~ Production in e*e"

Mass Reach:

Ecm(GeV) | My (GeV) |6 (fb)| [dtL (ab™ )| N x 10~°
340 100 142 fb 5 710
500 100 94 fb 2 188

150 63 fb 2 126
1500 150 13 fb 2.5 32.5
440 7 fb 2.5 17.5
3000 440 3 b 5 15
700 2 b 5 10

Lots of events...but need energy



Ty : Direct ¢*¢° Production in pp

Mass Reach:

Ecm(TeV)| My (GeV)|o (fb)| [ dtL (ab™ ") | N x 1077
14 415 7.7 3 23
714 0.63 3 1.9
27 415 26 30 720
714 3 30 90
100 415 183 30 5490
714 29 30 870

Lots of events...but need energy



Higgs Boson Properties

33



First Order EWPT from BSM Physics

o I'(h 2 yy)
* Higgs signal strengths
* Higgs self-coupling

 EXxotic Decays

34



First Order EWPT from BSM Physics

+ I'(h>p) \
* Higgs signal strengths

Back up slides

* Higgs self-coupling /
* Exotic Decays

35



First Order EWPT from BSM Physics

« Thermal I"(h 2 yy)

* Higgs signal strengths
H?¢ Barrier ?
* Higgs self-coupling

 EXxotic Decays

36



First Order EWPT from BSM Physics

Veff T>T,
< T-T, Higgs — ¢’ Mixing
/ T<T
h
T 1
¢ Z ¢ |
1 1 1 ;
| i
Ty Tew l !
Tew ] Tew )
——— 5 —> h ! — 5 i
1 |
1 |
| |
a,H*¢?> : T>0 a,H*¢> : T=0 i aH’$: T=0 !
loop effect tree-level effect ! tree-level effect | 5,



First Order EWPT from BSM Physics

« Thermal I"(h 2 yy)

i H?¢ Barrier ?

l

H-¢ Mixing

- Exotic Decays N
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First Order EWPT from BSM Physics

« Thermal I"(h 2 yy)

i H?¢ Barrier ?

___________________________________________ 1

« Exotic Decays
Y N H-¢ Mixing
—

39



Strong First Order EWPT

Prevent baryon number washout

Observable GW

40



Strong First Order EWPT

Prevent baryon number washout

Observable GW
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Strong First Order EWPT

* Prevent baryon number washout

e Observable GW

| sin@| > 0.01

2N TEwW | AL/ | > 0.003




Strong First Order EWPT

* Prevent baryon number washout

Collider Target: Precision

e Observable GW and single ¢ production
2
sin@| = 0.01
i | | =

2ATEwW | AL/4| > 0.003
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Try - Single ¢° Production in e*e” & pp

Z ¢ production in e*e" :

| Ecm(TeV) | Mg (GeV)||sin6]| o (fb) |[diL (ab™")| N |

340 150 0.01 [ 0.01 5 50
500 150 0.01 | 0.005 2 10
240 0.01 | 0.003 2 6
1500 150 0.01 [5x10°* 2.5 1
400 0.01 |4 x 10~* 2.5 1
700 0.01 [2x10~* 2.5 <1
3000 150 0.01 [1x107% 5 <1
400 0.01 |1 x10~% 5 <1
700 0.01 {1 x 10™* 5 <1

Single ¢ production in pp via GF:

Ecm(TeV) | M, (GeV)||sind||o (fb)| [dtL (ab™ ") [N x 10~°
14 415 0.01 | 1 3 3
714 0.01 | 0.1 3 0.3
100 415 0.01 [ 59 30 1770
714 0.01 | 12 30 360
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Model lllustrations

NOT SURE IF HIGGS

Simple Higgs portal models:
 Real gauge singlet (SM + 1)

 Real EW triplet (SM + 3)

45



Higgs Portal: Simple Scalar Extensions

May be low-energy remnants of UV complete
theory & illustrative of generic features

46



Model lllustrations

NOT SURE IF HIGGS

Simple Higgs portal models:

---------------------------------

 Real EW triplet (SM + 3)

47



Singlets: Precision & Res Di-Higgs Prod

SFOEWRPT Benchmarks: Resonant di-Higgs & precision Higgs studies

7 ¢ & re | Nextgenpp |====-=-=s--=
& Y N O i~ fvextgen pp 100 TeV, 30/ab =
1000E 1 - e 100 TeV, 3/ab =
900f | SFOEWPT e i 100= T 14TeV,3/ab —
800} | MaxoxBR I '.; ; .
> 700t Min oxBR % . ‘!-' 5
2 : ot o =
S 600¢ ....i.:._
£ 500 EWPO e A
: R o
400} o
3 ooty 4
s0f | A S
094 095 096 097 098 099 1.00
h-S Mixing —> cosf

Kotwal, No, R-M, Winslow 1605.06123

See also: Huang et al, 1701.04442;
Liet al, 1906.05289 a8



lll. Theoretical Robustness

L. Niemi, H. Patel, MRM, T. Tenkanen, D. Weir 1802.10500

O. Gould, J. Kozaczuk, L. Niemi, MJRM, T.V.I. Tenkanen, D.J.
Weir: 1903.11604

L. Niemi, MJRM, T.V.l. Tenkanen, D.d. Weir: 2005.11332
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Models & Phenomenology

What BSM Scenarios?

Espinosa, Quiros 93, Benson 93, Choi, Volkas 93, Vergara 96, Branco, Delepine, Emmanuel-
Costa, Gonzalez 98, Ham, Jeong, Oh 04, Ahriche 07, Espinosa, Quiros 07, Profumo,
Ramsey-Musolf, Shaughnessy 07, Noble, Perelstein 07, Espinosa, Konstandin, No, Quiros
08, Barger, Langacker, McCaskey, Ramsey-Musolf, Shaughnessy 09, Ashoorioon, Konstandin

SM + Sca‘ar SII’I6|C+ 09, Das, Fox, Kumar, Weiner 09, Espinosa, Konstandin, Riva 11, Chung, Long 11, Barger,
Chung, Long, Wang 12, Huang, Shu, Zhang 12, Fairbairn, Hogan 13, Katz, Perels[n 14 ?
15,

Profumo, Ramsey-Musolf, Wainwright, Winslow 14, Jiang, Bian, Huang,
Cline, Kainulainen, Tucker-Smith 17, Kurup, Per‘els‘rem 17, Ch@n
Kozaczuk, Niemi, Ramsey-Musolf, Tenkonen Wel

E’nau 6 Clme Kainulainen, Trott 11, Dorsch, Huber, No 13, Dorsch,

Turok _Zag y!Z D Jenklns Moorhouse 94, Cline, Lemieux 97, Huber 06,
SM + Scalar Doulo\

Q imasu; No'14, Basler, Krause, Muhlleitner, Wittbrodt, Wlotzka 16, Dorsch, Huber,
masu, No ernon, Bian, Jian , Andersen, Gorda, Helset, Niemi, Tenkanen, Tranberg,
(2H N17B Bian, Jiang 17, And Gorda, Hel N Tenk Tranberg

Vuorinen, Weir 18...

M o d@ Sca‘ar Tr|P|C+ Patel, Ramsey-Musolf 12, Niemi, Patel, Ramsey-Musolf, Tenkanen, Weir 18 ...

Carena, Quiros, Wagner 96, Delepine, Gerard, Gonzalez Felipe, Weyers 96, Cline,
Kainulainen 96, Laine, Rummukainen 98, Carena, Nardini, Quiros, Wagner 09, Cohen,

MssM Morrissey, Pierce 12, Curtin, Jaiswal, Meade 12, Carena, Nardini, Quiros, Wagner 13,
Katz, Perelstein, Ramsey-Musolf, Winslow 14...

Pietroni 93, Davies, Froggatt, Moorhouse 95, Huber, Schmidt 01, Ham, Oh, Kim, Yoo, Son 04,
NMSSM Menon, Morrissey, Wagner 04, Funakubo, Tao, Yokoda 05, Huber, Konstandin, Prokopec,
Schmidt 07, Chung, Long 10, Kozaczuk, Profumo, Stephenson Haskins, Wainwright 15...

Thanks: J. M. No



EWPT & Perturbation Theory

Expansion parameter

\ Infrared sensitive

near phase trans

SM lattice studies: g+~ 0.8 in vicinity of
EWPT for my ~ 70 GeV

51



Theory Meets Phenomenology

A. Non-perturbative

» Most reliable determination of character
of EWPT & dependence on parameters

* Broad survey of scenarios & parameter
space not viable

A. Perturbative
» Most feasible approach to survey broad

ranges of models, analyze parameter
space, & predict experimental signatures
* Quantitative reliability needs to be verified

52



Theory Meets Phenomenology
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» Most reliable determination of character
of EWPT & dependence on parameters

* Broad survey of scenarios & para
’ cofy

space not viable k e tth

B. Perturba ti
g‘sﬁm approach to survey broad
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Strategy

Employ dimensionally-reduced 3D EFT in two regimes:

» Heavy BSM scalars 2 integrate out and
‘repurpose” existing lattice computations

« Light BSM scalars -2 perform new lattice
simulations

« Compare with perturbative computations at
benchmark parameter points in selected
models

o4



High-T EFT: Dimensional Reduction

99



Benchmarking PT: Recent Progress

Meeting ground: 3-D high-T effective theory

L
superheavy + 7T > Integrate out n > 0 modes
L3
heavy + gT > Integrate out Ag field
L;
light + ¢?T
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Benchmarking PT: Recent Progress

Meeting ground: 3-D high-T effective theory

L
superheavy + 7T > Integrate out n > 0 modes

L3

heavy + gT > Integrate out Ag field

7
L3 #%
light + 2T (//,’qo
So

V(o) = ﬂ¢,3¢T¢ + A3(¢T9)?

Lattice simulations exist
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Benchmarking PT: Recent Progress

Meeting ground: 3-D high-T effective theory

y L
superheavy + 7T > Integrate out n > 0 modes
L3
heavy + > Integrate out Ag field
L;
light +

V(o) = ﬂ¢,3¢T¢ + A3(¢T9)?

Lattice simulations exist (e.g., Kajantie et al ‘95)

Assume BSM fields are
‘heavy” or “supeheavy” :
integrate out

Effective “SM-like” theory
parameters are functions of
BSM parameters

Use existing lattice
computations for SM-like
effective theory & matching

onto full theory to determine
FOEWRPT-viable parameter
space regions
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Benchmarking PT: Recent Progress

Meeting ground: 3-D high-T effective theory

Assume BSM fields are
‘heavy” or “supeheavy” :
integrate out

Effective “SM-like” theory
parameters are functions of
BSM parameters

1 L
superheavy + 7T > Integrate out n > 0 modes
L3
heavy + gT > Integrate out Ag field
L;
light + ¢?T /

Lattice simulations exist (e.g., Kajantie et al "95)

Use existing lattice
computations for SM-like
effective theory & matching

onto full theory to determine
FOEWRPT-viable parameter
space regions
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Model lllustrations

NOT SURE IF HIGGS

Simple Higgs portal models:

 Real gauge singlet (SM + 1)

---------------------------------
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EW Multiplets: EWPT

| ' 1storder ) F 2nd order

Increasing m, >

New scalars lllustrate with real
triplet: >~ (1,3,0)

 Thermal loops

 Tree-level barrier
H?¢* Barrier ?

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 15604.05195



EW Multiplets: Two-Step EWPT

| ' 1storder ) F 2nd order

Increasing m, >

New scalars

* One-step: Sym phase =2 Higgs phase
» Two-step: successive EW broken
phases

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 15604.05195



EW Multiplets: Two-Step EWPT

\ ' 1st order \ F  2nd order

. Small entropy
Increasing my, . e orons dilution
\ 90 (0.x0) /
New scalars N \\.
g S,
7 ‘209
| /| S
* One-step: thermal loops / 0 o)
 Two-Step 1: thermal loops Baryogenesis \
. Two-Step 2: tree-level barrier IR S
matter

Patel, R-M: arXiv 1212.5652 ; Blinov et al: 15604.05195



a,H*¢? : T>0
loop effect

Non-perturbative results:
Heavy triplet

Real Triplet

1

; a
A :
1

i

Ty Tew i
1

-> h i

:

1

a,Hg : T=0 |
1

1

tree-level effect

ASS

TEW
Ky > h
a, H2¢ : T=0

tree-level effect

T

EW precision tests 2>
too tiny

67



Real Triplet: One-Step EWPT

FOEWPT

4.0
0 P reqio
== gdies [0 date r3.5
0 0,
- ,, —3.0
/
’I
> ’/ -2.5
o9 ,‘b ’,,
S ,I l’l '20
5 ,, ,I ”I
§ /, /” e B 15
% / e I,’
a S e
) s s = -
g /// e Crossover (z > 0.11) 1.0
< - -~ .
DE ’,:’,/ - B First order PT (0 < = < 0.11) 05
§ ,:’:f::/' Bl DR breaks down (z < 0) '
I T T v ! 0.0
100 200 300 400 500
4"".'[2
* One-step

Niemi, Patel, R-M, Tenkanen, Weir 1802.10500

Non-perturbative
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Real Triplet & EWPT

FOEWPT

4.0

3.5

-3.0

-2.5

-2.0

-1.5

Crossover (z > 0.11) 1.0
B First order PT (0 < = < 0.11) 0.5
Bl DR breaks down (z < 0) '
. . . - . 0.0
100 200 300 400 500
A".'[E
* One-step

Niemi, Patel, R-M, Tenkanen, Weir 1802.10500 * Non-perturbative
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Real Triplet & EWPT

FOEWPT

4.0
3.5
-3.0
-2.5
-2.0

-1.5

Niemi, Patel, R-M, Tenkanen, Weir 1802.10500

Crossover (z > 0.11) -1.0
3= BN First order PT (0 <z <0.11) |
Bl DR breaks down (z < 0) '

o i : T 0.0

Disappearing 200 300 400 500

> A'IE
charge track
* One-step

Non-perturbative
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Real Triplet & EWPT

FOEWPT
; Z AV y 1.0
IR ®
oS -3.5
v ¥
-3.0
\ -2.5
g pomo—moe—— 2.0
2 15
s !
O
appering | 2 Crossover (z > 0.11) -1.0
. .-~ W Fistorder PT (0<z<0.11) |
3 B DR breaks down (z < 0) '
' ; ; : 0.0
Disappearing 200 S BOOME 400 500
charge track
* One-step

Niemi, Patel, R-M, Tenkanen, Weir 1802.10500

Non-perturbative
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Real Triplet: One-Step EWPT

FOEWPT
4.0
0 20 reqio
~e dies to date -3.5
g -3.0
-2.5
7

o A 2.0
Higher Dim 72" e

Operators v
& Crossover (z > 0.11) -1.0
BN First order PT (0 < z < 0.11) 05
Bl DR breaks down (z < 0) B

100 200 300 400 500

My

* One-step

Niemi. Patel, R-M, Tenkanen, Weir 1802.10500 - Non-perturbative 72




S |

Real Triplet

____________________ .
¢ 0
i 1
l
LTy Tew
Tew E
3 5 | > h
|
|
|
aH*# : T>0 | a,H*# : T=0
loop effect ! tree-level effe_c_t_____

Non-perturbative results

ASS

TEW
Ky > h
a, H2¢ : T=0

tree-level effect

T

EW precision tests 2>
too tiny
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Real Triplet & EWPT: Novel EWSB

B 1. EW minimum metastable
1 O crossover N lstlu)ier (.'I)
- 1 O 1st order » lstirc)ier (f)

V0 Ft g
V:0 "= ¢

Higgs Portal Coupling (9

3.0

2.5

-2.0

- 1.5

-1.0

0.5

100 150 200 9250 300 350
Ms:

0.0
400

« 1or?2step

Niemi, R-M, Tenkanen, Weir 2005.11332 * Non-perturbative
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Real Triplet: Crossover vs 2" Order

20

48*
543
60*
68*

( H H i H
21() 141 142 143 144 145

X(5) = VT ({593 — (5]

Niemi, R-M, Tenkanen, Weir 2005.11332



Real Triplet & EWPT: Benchmark PT

T T T T I
' : ' §  2steyT
¥ me /7|

2 loop

T T T 1 T

Lattlce. DOUbIet i ::.\:u}ju::",f'l'

(]
|
;
H
H
i
:
H
i
i
i
H
:
i
:
H
i
i
i
i
H
i
H
i
i
i
H
i
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1V. Outlook - 1

» Determining the thermal history of EWSB is field
theoretically interesting in its own right and of practical
Importance for baryogenesis and GW

* The scale Tgy =2 any new physics that modifies the SM
crossover transition to a first order transition must live at M
< 1 TeV and couple with sufficient strength to yield (in
principle) observable shifts in Higgs boson properties

« Searches for new scalars and precision Higgs
measurements at the LHC and prospective next
generation colliders could conclusively determine the
nature of the EWSB ftransition
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1V. Outlook - 2

* Realizing this opportunity requires a nhew generation of
robust theoretical computations, using EFT & non-
perturbative methods, to benchmark perturbative
calculations

* There are exciting opportunities for talented and ambitious
theorists to make significant contributions to this growing

)
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First Order EWPT from BSM Physics
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H -2 yy:Is There a Barrier ?

-0.05[

-0.10}

-0.15[

-0.20}

-0.25]

EWPT -2 Decrease in rate

81



H -2 yy: Is There a Barrier ?
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First Order EWPT from BSM Physics

« Thermal I"(h 2 yy)
* Higgs signal strengths

* Higgs self-coupling

H?¢ and/or H? ¢?
Barrier ?

See ahead
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Light Singlets: Exotic Decays

h, > h, h, > 4b
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J. Kozaczuk, MR-M, J. Shelton 1911.10210

See also: Carena et al 1911.10206
Z. Liu talk this meeting
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Light Singlets: Exotic Decays

h, > h, h, > 4b
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See also: Carena et al 1911.10206

Z. Liu talk this meeting
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Singlets: Precision & Res Di-Higgs Prod

SFOEWRPT Benchmarks: Resonant di-Higgs & precision Higgs studies
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See also: Huang et al, 1701.04442
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EW Phase Transition: New Scalars
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EW Phase Transition: Singlet Scalars
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EW Phase Transition: Singlet Scalars

Real Scalar Singlet Model
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EW Phase Transition: Singlet Scalars
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All future colliders combined with HL-LHC
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Gravitational Radiation

Thanks: D. Weir

LISA

Laser Interferometer Space Antenna

—

S

Bubbles nucleate and grow

Expand in a plasma - create reaction
fronts

Bubbles + fronts collide - violent process
Sound waves left behind in plasma
Turbulence; damping
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Heavy Real Singlet: EWPT & GW

Non-dynamical heavy BSM scalars
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Gould, Kozaczuk, Niemi, R-M. Tenkanen, Weir 1903.11604 - Non-perturbative 92




Heavy Real Singlet: EWPT & GW
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